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Accurate pavement performance prediction represents an important role in prioritizing future maintenance and rehabilitation needs,
and predicting future pavement condition in a pavement management system. The Illinois State Toll Highway Authority (Tollway) with
over 2000 lane miles of pavement utilizes the condition rating survey (CRS) methodology to rate pavement performance. Pavement per-
formance models developed in the past for the Illinois Department of Transportation (IDOT) are used by the Tollway to predict the
future condition of its network. The model projects future CRS ratings based on pavement type, thickness, traﬃc, pavement age and
current CRS rating. However, with time and inclusion of newer pavement types there was a need to calibrate the existing pavement per-
formance models, as well as, develop models for newer pavement types.
This study presents the results of calibrating the existing models, and developing new models for the various pavement types in the
Illinois Tollway network. The predicted future condition of the pavements is used in estimating its remaining service life to failure, which
is of immediate use in recommending future maintenance and rehabilitation requirements for the network.
 2016 Chinese Society of Pavement Engineering. Production and hosting by Elsevier B.V. This is an open access article under the CCBY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The Illinois State Toll Highway Authority’s (Tollway)
network provides heavily used key interstate highway
routes in the Chicago area, the State of Illinois, and the
Midwest. Commuters, freight haulers, and the overall trav-
eling public rely on the Tollway each day to provide safe,
reliable, and cost-eﬀective highway transportation and
have done so since the 1950s. In fulﬁlling this mission,
the Tollway has been faced with an aging highway network
that requires substantial maintenance and rehabilitation to
provide continued satisfactory service. By the beginning ofhttp://dx.doi.org/10.1016/j.ijprt.2015.12.002
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Peer review under responsibility of Chinese Society of Pavement
Engineering.the 21st century, components of many of the existing
pavements were over 40 years in age and in need of major
rehabilitation. In addition, at that time funding uncertain-
ties precluded eﬀorts to rehabilitate (or reconstruct) major
portions of the network.
To address its pavement concerns, the Tollway imple-
mented a comprehensive pavement management system
and continues to update the system on a yearly basis.
The Tollway’s pavement management system warehouses
a comprehensive database of pavement-related informa-
tion, and it allows the Tollway to quickly identify current
pavement conditions, project future pavement perfor-
mance, identify future pavement maintenance and rehabil-
itation needs, and generate multi-year pavement repair
plans.
The Tollway uses the condition rating survey (CRS), a
subjective pavement rating system developed by the Illinois
Department of Transportation (IDOT) in the early 1980s
[1], to rate the condition of its roads. The CRS provideshosting by Elsevier B.V.
ommons.org/licenses/by-nc-nd/4.0/).
L. Premkumar, W.R. Vavrik / International Journal of Pavement Research and Technology 9 (2016) 14–19 15an overall pavement condition rating on a 1-to-9 scale, with
9 representing a newly constructed or resurfaced pavement
and 1 representing a completely failed pavement. CRS rat-
ings are based on the type, amount, and severity of the evi-
dent pavement distresses, as well as the overall roughness
of the pavement surface, level of wheel path rutting, and
magnitude of transverse joint faulting. Summaries of the
CRS ratings and corresponding pavement conditions for
the Tollway are provided in Table 1. CRS surveys are per-
formed in each direction of traﬃc, and the resulting CRS
ratings represent the entire roadway width for a given traf-
ﬁc direction [2].
Annual updates of the Tollway pavement management
system begin with updating current construction history,
traﬃc, cost, and pavement condition data to optimize the
eﬀectiveness of its pavements. Future pavement condition
is projected based on current year CRS values and the per-
formance models.
Traditional CRS prediction models involve identifying
individual pavement sections and modeling the expected
future CRS value. The rate of change or slope of CRS over
time is calculated for each pavement section by dividing the
change in CRS by change in age. The average slope for
each individual pavement type is used for the prediction
model. The model uses a two-slope method for predicting
CRS with age, with diﬀerent slopes above and below a
CRS break point value of 6.5 [1]. However, these models
only predict future CRS based on age and do not consider
other variables that aﬀect pavement performance like traf-
ﬁc and structure. The model form is shown below in Eqs.
(1) and (2):
If current CRS P BP;
Future CRS ¼ Current CRS slope9:0BP
 years of prediction ð1Þ
If current CRS < BP;
Future CRS ¼ Current CRS slopeBP1:0
 years of prediction ð2Þ
where
current CRS = CRS value from the most recent survey,
BP = break point,
slope9.0BP = model slope value from a CRS of 9.0 to
the break point,
slopeBP1.0 = model slope value from a break point to
CRS of 1.0,Table 1
Summary of CRS pavement condition ratings.
CRS rating General pavement condition
7.5–9.0 Excellent
6.5–7.4 Acceptable
6.0–6.4 Transitional
4.5–5.9 Fair
1.0–4.4 Pooryears of prediction = number of years into the future the
prediction is desired.
The Tollway pavement performance prediction models
developed in early 2000 project future CRS ratings based
on pavement type, thickness, pavement age, traﬃc and cur-
rent CRS, unlike the traditional model. The models were
developed originally for the IDOT Interstate highway net-
work, and customized for the Illinois Tollway using the
Tollway CRS data collected from 1997 to 2002 [2]. The
pavement performance models were developed to predict
future pavement conditions, trigger various rehabilitation
activities, and evaluate the impact that various rehabilita-
tion programs has on pavement conditions.
In 2013, due to addition of new pavement types in the
network, there was a need to develop new performance
models and re-calibrate the existing performance models
using updated Tollway CRS data. As part of the calibra-
tion eﬀort, performance models for the following seven
pavement types were considered, with new models devel-
oped for SMA-JPCP and JPCP with 15-ft joint spacing.
It is to be noted that the calibration and development of
models for the new pavements types involved obtaining
revised/new regression coeﬃcients based on the existing
pavement performance prediction model.
 Continuously reinforced concrete pavement (CRCP).
 Jointed plain concrete pavement, with 20-ft joint spacing
(JPCP-20).
 Jointed plain concrete pavement, with 15-ft joint spacing
(JPCP-15).
 Asphalt-overlaid JPCP with 20-ft joint spacing (HMA-
JPCP-20).
 Full Depth Asphalt Pavement (HMAC).
 SMA-overlaid JPCP with 20-ft joint spacing (SMA-
JPCP).
 Asphalt-overlaid JPCP with no dowel, and variable joint
spacing between 12-ft and 20-ft (D-Crack).
These seven pavement types generally represent the
pavement structure located within the Tollway network.
The models presented in this study are speciﬁc to pavement
types in the Tollway network and input data obtained from
the Tollway pavement management database.2. CRS calibration methodology
The steps involved in calibration of the CRS perfor-
mance models are shown in Fig. 1. Detailed description
of the individual steps is shown in subsequent sections.2.1. Data mining and assembly
The ﬁrst step in CRS model calibration was data mining
and assembling data in the required format. The following
information was required to calibrate the performance
models:
Prepare CRS Data (CRS, Thickness, Age, Traffic 
information) 
Use performance models to optimize predicted and 
actual CRS values. 
Perform regression analysis and statistical test to 
obtain initial prediction model. 
Perform sensitivity 
analysis and validate 
CRS prediction with 
actual data. 
Finalize model calibration coefficients 
Results acceptable 
Requires revision 
Fig. 1. Pavement performance model calibration procedure.
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 Traﬃc equivalent single axle load (ESAL) data.
 Age and construction information of pavement sections
evaluated.
 Thickness information.
Data mentioned above were mined from the Tollway
pavement management system database. Sections of the
Tollway routes with similar pavement types were
grouped together for the analysis. CRS data used in
the model calibration were weighted according to the
number of 1.0-mi units that they represent to reduce
any bias based on section length. The original model uti-
lized data from 1997 to 2002. For this study, the data set
for analysis was increased by including available data till
2012.
To increase the working database set, CRS prediction
for optimization analysis was performed on progressive
sets of data within an individual section. For example if
from year 2000 through 2005 CRS data were available
for a particular pavement type, the optimization analysis
included CRS prediction of year 2005 using data from
2000 through 2004. This method was especially useful for
pavement types with limited data.2.2. CRS model
The original IDOT CRS performance models utilized
the set of CRS prediction equations shown below in Eqs.
(3)–(5), with each pavement type incorporating diﬀerent
model constants [2–4].CRS ¼ 9 2  a  ðTHICK  TAF Þb  ðC1 þ DYEARÞc
 ðC2 þ DESALÞd ð3Þ
C1 ¼ ðð9 CRSiÞ=ð2  a  ðTHICK  TAF Þb  CESALdÞÞð1=ðcþdÞÞ
ð4Þ
C2 ¼ C1  CESAL ð5Þ
where
CRS = condition survey rating (1–9),
TAF = thickness adjustment factor,
THICK = slab thickness, HMAC thickness, or AC
overlay thickness,
DYEAR = change in the age of the pavement, years,
DESAL = accumulated ESALs in millions over the time
period DYEAR,
CESAL = current annual ESALs,
C1 and C2 = calibration coeﬃcients,
a, b, c, d = constants for each pavement type.
Thickness adjustment factors (TAFs) are used in the
model to increase the eﬀect of the thickness of the AC sur-
face in reducing the rate of CRS deterioration [2]. The
thickness of the AC surface is multiplied by the TAFs as
follows:
 HMAC
 If HMAC thickness is less than 4 in, TAF = 2.0.
 If HMAC thickness is greater than or equal to 4 in
and less than 8 in, TAF = 1.75.
 If HMAC thickness is greater than or equal to 8 in,
TAF = 1.0.
 AC overlay of JPCP
 If AC overlay thickness is less than 4 in, TAF = 1.0.
 If AC overlay thickness is greater than 4 in and less
than 6 in, TAF = 6.0.The thickness adjustment factors shown above for AC
overlay of JPCP represent a stepwise function leading to
potential aberration in CRS values at the interface between
thickness intervals. To circumvent this, a continuous
function was developed using available historical thickness
data, and the TAF intervals were revised [2]. The
continuous equation used to obtain TAF is shown below
in Eq. (6).
 AC overlay of JPCP
 If AC overlay thickness is less than or equal to 2.5 in,
TAF = 1.0.
 If AC overlay thickness is greater than 2.5 in and less
than 8.0 in, TAF is calculated as follows.TAF continuous ¼ ð0:048  H 4  1:234  H 3 þ 10:88  H 2
 29:75  H þ 26:28Þ=H ð6Þ
where H = pavement thickness in inches.
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opment of the continuous TAF equation. However for
consistency sake, the continuous TAFs were used to
develop the SMA-JPCP CRS prediction model. Future
work will involve development of a revised TAF equation
to incorporate SMA-JPCP thickness values.2.3. Statistical analysis
The calibration process focused on optimizing the orig-
inal CRS model coeﬃcients to derive a new set of the
model constants (a, b, c, and d), by minimizing the diﬀer-
ence between the actual and predicted CRS. Mathematical
simulations were performed whereby the model constants
were allowed to vary until a combination was reached that
resulted in the lowest error sum of squares (SSE) for the
many pairs of actual versus predicted CRS.
Hypothesis testing was performed to determine if the
predicted and measured CRS values represent the same
population. A paired t-test with a signiﬁcance level, a, of
0.05 was performed as follows:
1. Assume the following null and alternative
hypothesis:
a. H0: mean measured CRS = mean predicted CRS
b. HA: mean measured CRS – mean predicted
CRSFig. 2. Predicted vs. measured CRS for JPCP-20 pavement type.
Table 2
Statistics for JPCP-20 performance model.
Statistics
R square 0.932
P(T 6 t) two-tail 0.11
Observations 9402. Compute test p-value.
3. Compare computed p-value to predetermined level
of signiﬁcance for this test.
The null hypothesis H0 is rejected if the p-value <0.05.
Rejection of H0 implies that the predicted and calculated
CRS values are essentially from diﬀerent populations at
the 5% signiﬁcance level. Some of the pavement type data
sets were reduced in size for hypothesis testing, to conduct
tests on independent samples and obtain meaningful results.
In addition, sensitivity of the predicted CRS values to
thickness and traﬃc ESALs was evaluated for each pave-
ment type. Various acceptable ranges of traﬃc and thick-
ness data within each pavement type data set were used
to evaluate the CRS prediction model. Measured CRS data
from each pavement type dataset were used to validate the
future predicted CRS values.Fig. 3. Comparison of JPCP-20 CRS values predicted using original and
calibrated performance models.3. CRS calibration results
Seven diﬀerent pavement types, as listed in previous sec-
tions were evaluated as part of the pavement performance
model calibration process. As an example, detailed results
for the JPCP-20 section are shown below. Similar analysis
was performed for calibrating the pavement performance
models for other pavement types. Results are detailed in
a separate report [5].
The plot of CRS predicted using the performance model
and calculated CRS values for the JPCP-20 model is shownbelow in Fig. 2. The descriptive statistics and hypothesis
testing results shown in Table 2 indicate good correlation
between measured and predicted CRS values with an R2
value of 0.93 and a p-value greater than 0.05.
A comparison of CRS values predicted over time using
both the original and calibrated CRS models is shown
below in Fig. 3. From the ﬁgure below, it is observed that
the calibrated model is more conservative and predicts a
terminal CRS value of 6.5 in 15 years. The calibrated
model results are based on a 12.3-in JPCP-20 pavement
section, with initial traﬃc of 2.75 million ESALs, annual
growth rate of 3%, and an initial CRS value of 8.9.
Table 6
Predicted service life based on terminal CRS of 6.5 for individual routes.
Route Thickness
(in)
Initial MESALs
(growth rate)
Initial
CRS
Predicted service life
(years) based on
terminal CRS value
of 6.5
1 12 1.7 (2.9%) 8.9 15
2 12.1 5.9 (2.6%) 8.9 13
3 12.4 4.9 (2.3%) 8.9 14
4 12.3 1.6 (3.5%) 8.9 16
Average 12.3 2.75 (3.0%) 8.9 15
Table 3
Thickness sensitivity analysis for JPCP-20 performance model.
Thickness
(in)
Initial
traﬃc
(MESALs)
Traﬃc
growth
rate (%)
CRS
(initial)
Predicted service life
(years) based on
terminal CRS value
of 6.5
11 2.8 3 8.9 12.5
12 14.5
13 16
14 18
Table 4
Traﬃc sensitivity analysis for JPCP-20 performance model.
Initial
traﬃc
(MESALs)
Thickness
(in)
Traﬃc
growth
rate (%)
CRS
(initial)
Predicted service life
(years) based on terminal
CRS value of 6.5
1 12 3 8.9 16
3 14
4.5 13.5
6.5 13
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in CRS with change in thickness and traﬃc ESALs. Thick-
ness sensitivity analysis was performed by holding initial
traﬃc, growth rate and initial CRS constant, and changing
the thickness values. Similar analysis was performed for
traﬃc by holding thickness constant. The range of thick-
ness and traﬃc ESALs for sensitivity analysis was based
on minimum and maximum thickness/ESAL values from
the Tollway pavement management database for a particu-
lar pavement type. From results shown below in Table 3, it
is observed that for an initial traﬃc of 2.8 MESALS, 3%
traﬃc growth rate, and initial CRS of 8.9, the average
change in predicted service life to obtain a terminal service-
ability of 6.5 by varying pavement thickness between 11
and 14 inches is 1.8 years. Similarly, it is observed from
Table 4 that for pavement thickness of 12 inches, 3% traﬃc
growth rate, and initial CRS of 8.9, the average change in
predicted service life to obtain a terminal serviceability of
6.5 by varying initial traﬃc between 1 and 6.5 MESALS
is 1 year. This analysis was performed to identify potential
aberrant changes in predicted service life with a change in
thickness or traﬃc.
To validate the predicted CRS results obtained from the
JPCP-20 performance model, predicted and measuredTable 5
Validation of JPCP-20 performance model.
Section Thickness (in) Initial MESALs (growth rate) Initial CR
1 12 1.5 (3.5%) 8.4 (2000)
2 12 5.5 (2.7%) 8.4 (2000)
3 12.4 5.1 (3.0%) 7.7 (2004)
4 12.3 1.5 (4.5%) 7.7 (2000)values were compared for actual pavement sections from
the Tollway pavement management database. As shown
in Table 5, there is good correlation between predicted
and observed values with an average diﬀerence of 3%.
Table 6 represents the predicted service life based on a ter-
minal CRS of 6.5 for the individual routes, based on aver-
age thickness and traﬃc within each route. On an average,
the JPCP-20 performance model predicts 15 years of ser-
vice life to reach a terminal CRS value of 6.5.
The predicted service life based on a terminal CRS value
of 6.5 for all Tollway pavement types evaluated are shown
in Table 7. Results are based on initial traﬃc of 4.0 million
ESAL’s, traﬃc growth rate of 3%, and initial CRS value of
8.9. The calibrated model coeﬃcients for existing pavement
types, and model coeﬃcients developed for new pavement
types on the Tollway are shown in Table 8. The R2 values
for all the pavement types are shown in Table 9. Fig. 4 pro-
vides the predicted CRS over time for the various pave-
ment types in this study.
Based on the results, CRCP pavements are the best per-
forming with a service life of 29 years. The service life of
JPCP with 15-foot joint spacing is nearly twice the service
life of JPCP with 20-foot joint spacing, demonstrating the
increase in service life provided by reduced joint spacing.
Similarly, pavement sections with SMA overlay perform
better than HMA overlays, providing two years and four
years more service life than HMA-JPCP-20 and D-Crack
sections, respectively. Full depth HMAC sections have a
service life of 15 years to reach terminal CRS value of
6.5. Predicting service life of the pavement provides valu-
able input on future performance of the pavement network,
and assists in planning future maintenance and rehabilita-
tion activities.S (year) Final measured CRS (year) Final predicted CRS (year)
6.7 (2012) 6.7 (2012)
6.0 (2012) 6.3 (2012)
6.4 (2010) 6.7 (2010)
6.6 (2009) 6.5 (2009)
Table 7
Predicted service life based on terminal CRS of 6.5 using pavement performance models.
Pavement type Initial traﬃc
(MESALs)
Thickness
(in)
Traﬃc growth
rate (%)
CRS
(initial)
Predicted service life (years)
based on terminal CRS
value of 6.5
CRC 4.0 12.0 3.0 8.9 29
JPCP-20 12.0 14
JPCP-15 12.0 26
HMA-JPCP-20 4.0 12
HMA 12.0 15
SMA-JPCP 4.0 14
D-Crack 4.0 10
Fig. 4. Comparison of predicted CRS vs. age for all the pavement types.
Table 8
Tollway performance model coeﬃcients.
Pavement type Calibration coeﬃcients
a b c d
CRCP (calibrated) 6.7202 2.0020 0.7256 0.1608
CRCP (original) 6.1660 1.3121 0.1849 0.2634
HMAC (calibrated) 0.1922 0.863 0.6289 0.5140
HMAC (original) 14.2890 1.8720 0.3499 0.3385
JPCP-20 (calibrated) 2.9848 1.3646 0.7669 0.1161
JPCP-20 (original) 3.2584 1.6380 0.8450 0.1761
SMA-JPCP (new) 0.2441 0.088 0.5872 0.0778
D-Crack (calibrated) 0.1935 0.1558 0.4994 0.2965
D-Crack (original) 0.5624 0.1458 0.1918 0.3704
HMA-JPCP-20 (calibrated) 0.2995 0.1550 0.5012 0.1350
HMA-JPCP-20 (original) 0.3815 0.1458 0.5732 0.1431
JPCP-15 (new) 3.9334 1.0911 0.2678 0.1377
Table 9
R2 values for various pavement types.
Pavement type R2
CRCP 0.96
HMAC 0.95
JPCP-20 0.93
SMA-JPCP 0.93
D-Crack 0.74
HMA-JPCP-20 0.74
JPCP-15 0.89
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Reliable and accurate pavement performance models
are required to predict future condition, trigger various
rehabilitation activities, and evaluate the impact that vari-
ous rehabilitation programs has on pavement conditions.
In this study, existing pavement performance models for
ﬁve diﬀerent pavement types in the Tollway network were
calibrated. In addition, new models were developed for
SMA-JPCP and JPCP-15 pavement types. The models
were utilized to predict the service life of the pavements,
based on a terminal CRS value of 6.5.
Based on the results, the JPCP model with 15-foot joint
spacing predicts nearly twice the service life of JPCP pave-
ment sections with 20-foot joint spacing. This demonstrates
the positive eﬀects of reducing joint spacing in concrete
pavements to improve performance. Pavements sections
with SMA overlays in the Tollway network are demon-
strating better performance when compared to pavements
with HMA overlays.
These models will be validated continuously on a yearly
basis using future CRS data to ensure accurate prediction
of future conditions. Though the pavement performance
model coeﬃcients shown in this study are speciﬁc to the
data collected on the Tollway, this methodology can be
extended to other agencies for predicting pavement perfor-
mance, and prioritizing rehabilitation projects.
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